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Abstract 

The  La-Ni  system  compounds  have  been  prepared  by  arc-melting  method  under  Ar  atmosphere.  X-ray  diffraction  analysis  reveals  that  the  as- 
prepared  alloys  consist  of  different  phases.  The  electrochemical  properties,  including  activation,  maximum  discharge  capacity,  high  rate  chargeability 
(HRC),  and  high  rate  dischargeability  (HRD)  of  these  alloy  electrodes  have  been  studied  through  the  charge-discharge  recycle  testing  at  different 
temperatures  and  charge  (or  discharge)  currents.  Among  the  La-Ni  alloy  electrodes  studied,  LaNi2.28  alloy  has  the  most  excellent  high  rate  charging 
performance,  and  La2Ni7  alloy  exhibit  the  highest  high  rate  dischargeability,  while  La7Ni3  alloy  is  capable  of  discharging  at  low  temperature. 

©  2006  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Recently,  secondary  battery  with  high  energy  density  and 
long  cyclic  life  is  earnestly  demanded  as  a  power  source 
for  portable  appliances  and  zero  emission  vehicles.  Due  to 
high  specific  energy,  high  resistance  to  overcharging  and 
overdischarging,  capability  of  performing  high  rate  charge/ 
discharge,  environmental  friendliness,  and  interchangeability 
with  a  nickel-cadmium  batter,  nickel-metal  hydride  batteries 
(Ni-MH)  battery  has  been  widely  investigated  and  applied  in 
portable  telecommunication  equipment,  electric  tools  and  elec¬ 
tric  vehicles  [1-3]. 

AB5  alloys,  where  A  represents  a  metal  that  is  capable  of 
reacting  exothermically  with  hydrogen  and  B  represents  another 
kind  of  metal,  are  generally  employed  as  the  negative  electrode 
material  in  Ni-MH.  Among  this  type  of  alloys  (AB5  alloys), 
LaNis  is  the  first  one  that  has  been  studied  extensively  as  an 
electrode  material  in  Ni-MH  batteries  [4],  which  is  attribute  to 
its  easy  reaction  with  hydrogen  at  normal  temperature.  However, 
repeated  improvements  to  increase  the  capacity  have  already 
realized  very  high  utilization  of  the  intrinsic  capacity  of  the 
LaNis  alloy.  Therefore,  new  type  alloys  with  higher  energy  den¬ 
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sity,  faster  activation,  better  rate  dischargeability,  and  lower  cost 
are  urgently  needed  to  replace  the  conventional  rare  earth-based 
ABs-type  alloys. 

Dump  et  al.  [5]  pointed  out  that  AB3,  A2B7  and  AB5  are 
closed  related  according  to  the  following  relationships: 

3(AB3)  =  (AB5)  +  2(AB2) 

and 

(A2B7)  =  (AB5)  +  (AB2) 

From  the  viewpoint  of  gas-solid  reactions,  Oesterre- 
icher  et  al.  [6]  studied  the  hydrides  of  La-Ni  compounds. 
Their  results  showed  that  the  hydrogen  storage  capac¬ 
ity  of  the  La-Ni  compounds  increase  in  the  order  of 
LaNis  <  La2Ni7  <  LaNi3  <LaNi2  <LaNi.  Based  on  the  reasons 
mentioned  above,  we  can  rationally  believe  that  La2Ni7,  LaNi3, 
LaNi2,  and  LaNi  alloys  are  all  potential  candidates  for  the  elec¬ 
trode  material  in  metal  hydride  batteries. 

Although  there  are  some  studies  on  non-ABs  type  La-Ni 
system  compounds  by  far,  the  results  are  still  quite  incom¬ 
plete;  moreover,  the  electrode  characteristics  of  these  alloys 
have  rarely  been  paid  to  attention  [7].  This  paper,  as  a  part 
of  research  results  in  our  laboratory,  the  crystal  structure  and 
electrochemical  characteristics  of  non-ABs  type  La-Ni  alloys 
(La2Ni7,  LaNi3,  LaNi2.2s,  La2Ni3,  LaNi  and  La7Ni3)  were 
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extensively  studied.  We  wish  this  would  provide  useful  infor¬ 
mation  on  the  generalization  of  the  non-ABs  type  La-Ni  system 
metal  hydrides. 

2.  Experimental  details 

2.7.  Alloy  preparation,  X-ray  diffraction 

All  alloys  were  prepared  by  arc-melting  the  constituent  met¬ 
als  or  master  alloy  on  a  water-cooled  copper  hearth  under  argon 
atmosphere.  The  purity  of  the  metals,  La  and  Ni,  is  higher 
than  99.9  mass%,  respectively.  The  samples  were  all  inverted 
and  remelted  5  times  to  ensure  good  homogeneity.  Thereafter, 
these  alloys  were  crushed  into  fine  powders  of  200-300  mesh  in 
mortar. 

Crystallographic  characterization  of  the  hydrogen  storage 
alloys  were  investigated  by  X-ray  diffraction  on  Rigaku  D/Max 
2500PC  X-ray  diffractometer  (Cu  Ka,  monochromator)  using 
JADE5  software  [8].  The  cell  parameters  of  the  alloys  were 
calculated  by  Cell  program  [9] . 

2.2.  Electrochemical  measurement 

The  well-mixed  alloy  powder  and  carbonyl  nickel  powder  in 
weight  ratio  of  1 :5  were  pressed  into  the  tablets  as  metal  hydride 
electrode,  which  had  the  diameter  of  13  mm  and  thickness  of 
1.5  mm,  and  the  weight  of  each  electrode  was  about  0.9  g. 

The  electrochemical  properties  were  then  measured  in  a  stan¬ 
dard  three  electrode  cell  consisting  of  a  working  electrode  (metal 
hydride  electrode),  a  counter-electrode  (NiOOH/Ni(OH)2  elec¬ 
trode),  and  a  reference  electrode  (Hg/HgO  electrode).  The 
electrolyte  in  the  cell  was  6  M  KOH  aqueous  solution.  Charge 
and  discharge  tests  were  carried  out  on  an  automatic  galvano- 
static  system  (DC-5).  The  emphasis  of  these  charge/discharge 
tests  was  on  the  electrochemical  capacity  and  stability  of  the 
negative  electrode,  thus  the  capacity  of  the  positive  electrode 
plate  was  designed  to  be  much  higher  than  that  of  the  nega¬ 
tive  electrode.  At  298  K,  these  experimental  cells  were  firstly 
charged  at  60  mA  g-1  for  5  h  followed  by  a  rest  for  30  min  and 
then  were  discharged  at  the  same  discharge  current  density  to 
the  cut  off  voltage  of  —0.60  V  versus  Hg/HgO. 

To  evaluate  the  HRD  (in  the  range  of  60-600  mAg-1),  the 
charging  current  density  was  kept  constant  at  60mAg_1  and 
the  obtained  discharge  capacity  was  denoted  as  Q.  On  the  other 
hand,  when  the  HRC  (60-600  mAg-1)  was  investigated,  the 
discharging  current  density  was  held  at  60mAg_1  and  thus  we 
got  the  discharge  capacity  (Cj).  HRD  (or  HRC)  are  generally 
defined  as  the  ratio  of  the  discharge  capacity  C;  (or  Cj)  at  the  cut 
off  voltage  of  —0.6  V  to  the  maximum  capacity  Cmax,  namely: 
HRD  =  Q/Cmax  x  100%,  HRC  =  Cj/CmSLX  x  100%,  respectively. 

3.  Results  and  discussion 

3.1.  Structure  characteristic 

The  X-ray  diffraction  profiles  of  the  La2Ni7 ,  LaNi3 ,  LaNi2.28 , 
La2Ni3,  LaNi  and  LavNi3  alloys  are  shown  in  Fig.  1.  The  results 


Fig.  1.  XRD  patterns  of  La-Ni  alloys. 


indicate  that  all  the  alloys  are  of  multiphase  structure.  The  main 
phase  of  the  alloys  are  La2Ni7,  LaNi3,  LaNi2.28>  La2Ni3,  LaNi, 
La7Ni3,  respectively.  It  is  know  from  La-Ni  diagram  [10,11] 
that  except  LaNi5  which  melt  congruently,  all  the  other  phases 
are  peritectic.  This  means  that  to  obtain  single  phase  compounds 
it  is  necessary  to  apply  an  appropriate  annealing  treatment  gen¬ 
erally  2/3  of  the  melting  temperature  and  below  the  liquidus 
during  several  days.  However,  we  cannot  obtain  the  single  phase 
compounds  in  our  experiment.  Fortunately,  the  main  phase  of 
the  alloys  is  La2Ni7,  LaNi3,  LaNi2.28>  La2Ni3,  LaNi,  La7Ni3, 
respectively.  The  phase  composition  and  lattice  parameters  are 
listed  in  Table  1 .  It  can  be  seen  that  LaNi2.28  has  the  largest  cell 
volume  and  La7Ni3  has  the  smallest  density.  Further  analysis  of 
phase  abundance  of  these  alloys  is  in  progress  in  our  laboratory. 

3.2.  Discharge  curves,  activation  and  maximum  discharge 
capacity 

Fig.  2  shows  the  discharge  curves  (fifth  cycle)  of  the  six 
La-Ni  alloy  electrodes  at  60mAg-1  and  298  K.  As  expected, 
the  potential  of  all  the  alloy  electrodes  shift  to  less  nega- 


Discharge  capacity  (mAh  g’1) 

Fig.  2.  Discharge  curves  of  the  La-Ni  alloy  electrodes  at  the  discharge  current 
density  of  60  mA  g_1 . 
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Table  1 

Lattice  parameter,  cell  volume  and  density  for  the  La-Ni  alloys 
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Alloy  composition 

Lattice  parameter 

a  (A) 

b(  A) 

c(A) 

Cell  volume  (A3) 

Density  (gem  3) 

LayNb 

10.149 

10.149 

6.473 

577.44 

6.605 

LaNi 

3.912 

10.816 

4.399 

186.14 

7.051 

La2Ni3 

5.114 

9.720 

7.891 

392.26 

7.686 

LaNi2.28 

7.372 

7.372 

14.555 

791.01 

8.016 

LaNi3 

5.087 

5.087 

25.128 

563.24 

8.358 

La2Nb 

5.067 

5.067 

24.718 

549.69 

8.322 

five  side  due  to  the  oxidation  of  desorbed  hydrogen  from  the 
hydride.  However,  the  middle  potential  (the  potential  at  the 
50%  depth  of  discharge)  of  the  alloy  electrodes  are  quite  dif¬ 
ferent.  They  become  more  and  more  negative  in  the  order 
of  LayNi3  < LaNi  < La2Ni3  <  LaNi2.28  <  LaNi3  < La2Ni7,  i.e.  the 
middle  potential  shift  to  more  negative  side  with  increasing  Ni 
content  in  the  alloy  electrodes.  It  is  known  that  discharge  poten¬ 
tial  of  alloy  electrode  is  associated  with  the  surface  activity, 
the  electrolyte  concentration,  and  the  internal  resistance  of  the 
alloy  electrode.  Moreover,  Zhang  et  al.  pointed  out  that  discharge 
potential  is  predominated  by  surface  activity  at  a  low  discharg¬ 
ing  rate  [12].  The  catalysis  of  Ni  element  would  improve  the 
surface  activity  of  the  alloy  electrode.  So  Ni  is  beneficial  to  the 
discharge  ability  of  the  alloy  electrodes. 

When  hydrogen  storage  electrode  is  first  charged,  the  stored 
hydrogen  in  the  alloy  can  be  released  sparingly  during  discharge 
period.  The  process,  that  the  freshly  prepared  alloy  electrodes 
are  continuously  charged  and  discharged  in  order  to  obtained  the 
maximum  electrochemical  capacity,  is  called  activation.  This  is 
important  for  practical  use  for  Ni-MH  battery.  Fig.  3  shows  the 
activation  profiles  of  La-Ni  alloy  electrodes.  The  results  reveal 
that  the  activation  of  all  the  alloy  electrodes  only  need  three 
cycles,  which  means  that  La-Ni  alloy  electrodes  can  be  eas¬ 
ily  activated.  Taking  the  discharge  capacity  into  account,  we 
can  see  that  it  increases  with  increasing  Ni  content  in  the  alloy 
electrodes.  This  might  be  ascribed  to  the  favorable  effect  of  Ni 
on  the  middle  potential  mentioned  above.  Among  the  La-Ni 
alloy  electrodes  studied,  La2Ni7  has  the  highest  discharge  capac- 


Fig.  3.  Specific  discharge  capacity  vs.  number  of  charge/discharge  cycles  of  the 
La-Ni  alloy  electrodes. 
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Fig.  4.  Effect  of  charging  current  density  on  the  high  rate  chargeability  for  the 
La-Ni  alloy  electrodes  (discharging  rate:  60mAg_1). 

ity  (240.35  mAh  g-1).  However,  the  obtained  electrochemical 
capacities  of  those  La-Ni  alloys  are  far  lower  than  their  theo¬ 
retical  capacity.  It  seems  that  a  further  investigation  on  La-Ni 
alloys,  such  as  elemental  substitution,  is  needed  in  order  to  utilize 
all  the  hydrogen  stored  in  the  hydride. 

3.3.  High  rate  chargeability 

High  rate  chargeability  is  an  important  kinetics  property  for 
alloy  electrode.  The  dependence  of  high  rate  chargeability  of  the 
alloy  electrodes  on  the  charge  current  density  is  demonstrated 
in  Fig.  4.  Though  all  the  HRC  of  the  alloy  electrodes  decreases 
with  increasing  charge  current  density,  they  still  exhibit  satis¬ 
factory  high  rate  chargeability  even  at  a  high  charging  current 
density.  Taking  the  charging  current  density  of  600  mAg-1 
into  account,  the  HRC  of  all  the  La-Ni  alloy  electrodes  is 
higher  that  75%.  Especially,  the  LaNi2.28  alloy  electrode  has 
a  HRC  of  about  87%  even  at  the  charging  current  density  of 
600  mAg-1,  indicating  that  LaNi2.28  alloy  has  the  most  excel¬ 
lent  high  rate  chargeability  among  the  La-Ni  alloy  electrodes 
studied.  It  is  known  that  there  are  two  main  factors  that  influ¬ 
ence  the  kinetic  process  of  the  hydrogen  to  be  stored  into  or 
released  from  the  metal  hydride  electrodes  [13,14].  The  first  is 
associated  with  the  reactivity  of  the  electrode  surface  where  the 
charge-transfer  process  of  hydrogen  atoms  takes  place;  the  sec¬ 
ond  is  the  diffusion  process  of  hydrogen  atoms  in  the  bulk  of  the 
hydrogen  storage  alloy  [12].  In  this  investigation,  the  Ni  content, 
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Fig.  5.  Dependence  of  high  rate  dischargeability  on  the  different  discharging 
rate  for  the  La-Ni  alloy  electrodes  (charging  rate:  60mAg-1). 

which  is  beneficial  to  surface  reaction  kinetics,  increase  in  the 
order  of  LayNi3  <  LaNi  <  La2Ni3  <  LaNi2.28  <  LaNi3  <La2Niy. 
On  the  other  hand,  the  cell  volume  decrease  in  the  order  of 
LaNi2.28  >  LayNi3  >  LaNi3  >  La2Ni7  >  La2Ni3  >  LaNi.  Smaller 
cell  volume  is  detrimental  to  the  hydrogen  diffusion  in  the  bulk 
of  the  hydrogen  storage  alloy  and  inevitably  decreases  the  high 
rate  chargeability.  The  joint  effect  of  those  two  factors  result 
in  that  LaNi2.28  has  the  most  excellent  high  rate  chargeability 
among  all  the  alloy  electrodes  studied. 

3.4.  High  rate  dischargeability 

It  is  very  important  to  restrain  the  decrease  of  the  discharge 
capacity  even  at  the  high  discharge  current  density  for  prac¬ 
tical  application  of  hydride  electrode  in  Ni-MH  battery.  The 
dependence  of  discharge  capacity  of  the  La-Ni  alloy  electrodes 
on  discharge  current  density  is  shown  in  Fig.  5.  As  expected, 
the  HRD  of  all  the  alloy  electrodes  decays  with  increasing  dis¬ 
charge  current  density.  Nevertheless,  the  results  also  indicate  that 
La2Ni7  exhibit  the  highest  high  rate  dischargeability  among  the 
alloys  investigated. 

The  electrochemical  reactions  taking  place  at  the  metal 
hydride  electrode  in  KOH  electrolyte  during  charging  and  dis¬ 
charging  is  the  following  [15]: 

charge 

M  +  H20  +  e“  M  ►  M-Hads  +  OH' 


discharge 

0) 

charge 

^  »  M-Habs 

discharge 

(2) 

where  M  is  the  hydrogen  storage  alloy,  M-Hads  denotes  the 
adsorbed  hydrogen  on  the  surface  of  the  metal  hydride  and 
M-Habs  refers  the  absorbed  hydrogen  in  the  bulk  of  the  metal 
hydride.  It  can  be  seen  from  Eqs.  (1)  and  (2),  during  the  dis¬ 
charge  process,  the  hydrogen  stored  in  the  bulk  of  the  alloys 
first  diffuses  toward  the  surface  in  which  the  absorbed  hydrogen 


Table  2 


Electrochemical  kinetic  parameters  of  La-Ni  system  alloy  electrodes  at  298  K 


Sample 

Exchange  current 
density,  7o  (mAg-1) 

Hydrogen  diffusion  coefficient,  D 
(x  10-10  cm2  s-1) 

LayNb 

141.1 

9.75 

LaNi 

153.2 

9.79 

La2Ni3 

168.6 

9.87 

LaNi2.28 

181.2 

9.93 

LaNi3 

201.3 

9.82 

La2Nb 

224.0 

9.97 

changes  to  the  adsorbed  hydrogen,  and  then  the  adsorbed  hydro¬ 
gen  is  oxidized  to  H2O.  Therefore,  the  discharge  kinetics  of  the 
alloy  electrodes  is  controlled  not  only  by  the  charge-transfer 
kinetics  occurring  at  the  alloy/electrolyte  interface,  but  also  by 
the  hydrogen  diffusion  rate  within  the  bulk  of  the  alloy  parti¬ 
cles.  In  general,  the  chare-transfer  kinetics  is  dominated  by  the 
charge-transfer  reaction  resistance  at  the  alloy  surface  and  the 
exchange  current  density  To,  and  the  hydrogen  diffusion  rate  is 
determined  by  the  hydrogen  diffusion  coefficient  D.  The  Iq  and 
D  obtained  using  the  method  described  by  Iwakura  et  al.  [13] 
are  tabulated  in  Table  2.  It  can  be  seen  that  the  To  increases 
monotonically  with  increasing  Ni  content  in  the  alloys,  whereas 
the  D  remains  almost  unchanged  (9.75-9.97  x  10-10  cm2  s-1). 
Therefore,  in  the  present  study,  HRD  is  essentially  controlled 
by  the  charge-transfer  reaction  of  hydrogen  on  the  surface  at  a 
discharge  current  density  of  600  mAh  g_1 . 

3.5.  Temperature  effect 

Alloys  used  as  negative  electrode  material  in  Ni-MH  battery 
should  be  capable  of  working  at  wide  temperature  range. 
However,  the  equilibrium  pressure  of  an  alloy  increase  with 
the  increase  of  working  temperature  and  thus  would  limit 
its  discharge  capacity  at  high  temperature  due  to  decrease 
of  available  region  in  its  P-C  isotherm  under  ambient  pres¬ 
sure  condition.  Therefore,  it  is  very  important  to  obtain  the 
factual  discharge  ability  of  the  alloy  electrodes  at  different 
temperatures  using  in  situ  electrochemical  method.  Fig.  6 


Fig.  6.  Discharge  ability  of  La-Ni  alloy  electrodes  as  the  function  of  temperature 
at  the  discharge  current  of  60  mA  g_1 . 
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shows  the  discharge  abilities  of  La-Ni  alloy  electrodes  at 
different  temperatures.  It  can  be  easily  found  that  the  discharge 
capacities  are  sensitive  to  temperature.  The  electrodes  reach 
their  maximum  discharge  capacities  at  room  temperature 
(298  K),  and  then  decrease  sharply  with  the  decrease  and 
increase  of  temperature.  Especially,  at  333  K,  all  the  alloy 
electrodes  can  only  discharge  less  than  60%  of  their  maximum 
capacity,  indicating  that  all  the  La-Ni  alloy  electrodes  studied 
have  poor  high  temperature  discharge  ability.  In  addition,  we 
can  also  find  that  the  low  temperature  discharge  ability  of  the 
LayNi3  alloy  electrode  is  better  than  that  of  the  other  alloy 
electrodes.  The  order  of  decreasing  stability  of  the  hydrides 
is  La7Ni3H2i  >  LaNiH3  >  LaN^Hs  >  LaN^Hs  >  LaNi3.5H4  > 
LaNisHg  at  room  temperature  [16].  Moreover,  it  is  known 
that  the  metal  hydride  become  more  and  more  stable  with  the 
decrease  of  temperature.  Decreasing  stability  of  the  hydride  is 
beneficial  to  hydrogen  release  from  the  hydride  and  thereby 
improves  the  dischargeability  of  the  alloy  electrodes. 

4.  Conclusion 

In  this  paper,  the  phase  structure  and  electrochemical  prop¬ 
erties  of  La-Ni  system  alloys  have  been  investigated  in  detail.  It 
is  found  that  the  as-prepared  alloys  consist  of  different  phases. 
The  electrochemical  results  show  that,  among  the  La-Ni  alloy 
electrodes  studied,  LaNi2.28  alloy  has  the  most  excellent  high 
rate  charging  performance,  and  La2Ni7  exhibit  the  highest  dis¬ 
chargeability.  Moreover,  La7Ni3  is  capable  of  discharging  at  low 
temperature.  However,  the  obtained  electrochemical  capacities 
of  those  La-Ni  alloy  electrodes  are  far  lower  than  their  theo¬ 
retical  capacity.  It  seems  that  a  further  investigation  on  La-Ni 
alloy  electrodes,  such  as  elemental  substitution,  is  needed  in 
order  to  utilize  all  the  hydrogen  stored  in  the  hydride.  If  their 
discharge  capacities  could  be  improved,  these  alloy  electrodes 


would  become  promising  electrode  material  in  metal  hydride 

battery. 
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